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Introduction
Angioplasty is a widely used, well-accepted treatment of stenotic lesions resulting from atherosclerosis; however, its benefits in humans are compromised by a 30-40% restenosis rate in coronary arteries. Restenosis is believed by many to be largely the result of intimal smooth muscle cell (SMC)' prolif-eration ( 1, 2) , and growth factors are believed to be influential; however, it remains unclear which growth promoting and growth inhibiting actions dominate in injured arteries of experimental animals and humans.
It is increasingly clear that atherosclerotic lesions in humans and experimental animal models contain oxidized lipids and lipoproteins (3) (4) (5) . Balloon injury may invite the increased availability of lipid substrate for oxidation by allowing enhanced entry of macromolecules like lipoproteins past the damaged endothelium and internal elastic lamina (6) . It may also increase the opportunity for further lipid and lipoprotein oxidation by reactive oxygen species produced either during the arterial wall ischemia induced by balloon inflation or after the balloon injury by inflammatory cells known to invade the injury site and known to produce reactive oxygen species. It is therefore possible that oxidants or lipid and lipoprotein oxidation products present in the preexisting lesion, as well as those formed in response to balloon injury, could influence the restenosis process.
Available data from in vitro studies provide an apparent contradiction regarding the potential roles of oxidized lipids and lipoproteins in cell proliferation. Under certain circumstances oxidative stress can enhance cell proliferation (7, 8) . Diabetes is one of the strongest risk factors for restenosis (9) , and circulating oxidized lipids and lipoproteins have been detected both in diabetic animals and in humans (10) . In contrast, at higher concentrations, lipid peroxidation products and oxidized lipoproteins are also known to injure proliferating cells (11, 12) . Lipid peroxidation products and oxidized lipoproteins have thus been shown in cell culture to have both negative and positive effects on cell proliferation, both by direct actions and by indirect influences on growth factor production. We believe that these oxidants and lipid oxidation products could readily influence SMC growth in vivo, and we hypothesize that in the context of a balloon-injured artery these agents promote restenosis.
Published reports on the effects of alpha-tocopherol on SMC proliferation also present curious discrepancies. Alpha-tocopherol has been shown to inhibit SMC proliferation in culture ( 13 ) by some researchers, but others have shown SMC proliferation enhancement by alpha-tocopherol (14) .
As a step toward evaluating the roles of these oxidants and oxidation products in restenosis after angioplasty, we chose to examine the effects of oral pretreatment with alpha-tocopherol. Because our hypothesis proposes a restenosis-promoting role for oxidized lipids, we performed the present study in a wellcharacterized experimental model of restenosis known to involve not only SMC proliferation but also the deposition of lipids and lipoproteins and the accumulation of lipid-laden macrophages (15) (16) (17) (18) (19) .
Methods
The rabbit model of atherosclerosis combining femoral air desiccation with high cholesterol diet has been used previously in the evaluation of restenosis after angioplasty, and its advantages and disadvantages have been discussed (15) (16) (17) (18) (19) . Male New Zealand White rabbits were used after approval by the Animal Research Committee of the Cleveland Clinic Foundation. Atheroma induction in rabbitfemoral artery by air desiccation. 3.5 -4-kg animals were anesthetized by intramuscular injection of 5 mg/ kg xylazine (Rompun; Bayvet Division, Miles Laboratories Inc., West Haven, CT) and 35 mg/kg ketamine (Ketaset; Fort Dodge Laboratories, Inc., Fort Dodge, IA). Proximal bilateral femoral arteriotomies were performed, and proximal and distal ligatures were placed to isolate a segment of -1 cm which was cannulated with a 27-gauge needle. A vent was made by needle puncture, and vascular injury was induced in the isolated segments by air infusion at a rate of 80 ml/min monitored by a flowmeter for 10 min. The isolated segments were then flushed with saline and marked by metal clips in the surrounding tissue before removing the ligatures. Hemostasis was obtained by local pressure. Acetaminophen, 10 mg/kg, was given orally for postoperative pain relief for 3 d. Ampicillin, 50 mg/kg, was given intramuscularly after the surgical procedure. The animals were placed on a 2% cholesterol and 6% peanut oil diet. 9 d after air desiccation, the diet of half of the animals was supplemented by alpha-tocopherol, 5 g/kg, while they remained on high cholesterol.
Femoral angioplasty. 4 wk after focal induction of the arterial lesions, 24 rabbits underwent bilateral balloon angioplasty under anesthesia as described above. After cutdown and isolation of the carotid artery, a SF introducer (Cordis Laboratories Inc., Miami, FL) was placed in the right common carotid artery, and a 120 U/kg heparin bolus was immediately injected intraarterially. An iliofemoral angiogram was performed via a SF Swan-Ganz catheter advanced to the aortoiliac bifurcation under the control of fluoroscopy using manual injection of 3-5 ml of renografin (Squibb Diagnostics, New Brunswick, NJ) and recorded both on a videotape system and a 35-mm film by an image intensifier (Phillips Medical Systems, Shelton, CT). A 5-mm standard was placed at the level of the spine for correction of the magnification. A 2.0-3.0-mm balloon catheter (Advanced Cardiovascular Systems, Santa Clara, CA), selected to match the size of the artery (balloon/artery diameter ratio, 1:1.3), was positioned across the stenosis, using fluoroscopy, the video cassette recording, and the previously placed metal clips. Standard angioplasty consisted of 3 inflations with 30-s ramp to 6 atmospheres, then 6 atmospheres for 60 s, each separated from the other by 60 s. The procedure was performed in both femoral arteries at the lesion site. Post-angioplasty angiograms were performed 15 min after angioplasty and intraarterial injection of a 10-mg lidocaine bolus to minimize spasm (16) . Blood samples were collected to measure cholesterol and alphatocopherol levels. The catheter was removed, the right carotid artery was ligated, and the wound was sutured.
After angioplasty, the high cholesterol diet was replaced by normal rabbit chow alone for the control animals and normal rabbit chow plus alpha-tocopherol, 5 g/kg, for the animals previously receiving alphatocopherol supplementation. An angiogram was performed 3 wk after angioplasty under the same conditions as described above. After angiography, the distal aorta was ligated proximal to the end of the catheter, the animal was killed by an overdose of sodium pentobarbital intravenously, and the vessels were flushed with 10 ml saline followed by in vivo fixation with 10% buffered formaldehyde solution infused over 30 min at 100 mmHg at the aortoiliac bifurcation via the angiography catheter. A 3-cm segment of femoral artery was excised from both sides, including the site of the lesion identified by clips and a proximal length of the vessel. The tissue was stored in 10% buffered formaldehyde for morphometric measurements.
Angiographic measurements. The minimum luminal diameter (MLD) at the lesion site was measured from angiograms by two physicians using digital calipers. The two measurements were made independently and without knowledge of the group to which each animal belonged. The average of the two measurements was used for statistical comparisons.
Histological measurements. The femoral artery samples were embedded in paraffin and serial cross-sections were cut at 2-mm intervals from the proximal to the distal end and coded to identify their relative location to one another along the length of the lesion. Sections from duplicate slides were stained with trichrome.
Morphometric analysis was performed by the Laboratory of Vascular Diseases of the Ohio Sate University by personnel unaware of the group assignments of the lesions. Each histological section was scanned in full color using a digital scanner (model 78/99; Eikonix Corp., Bedford, MA) at a resolution of 1,024 X 1,024 pixels. Each pixel consisted of 3 8-bit values representing the amount of red, green, and blue at a particular position. Each full-color image was analyzed using an image processing system (IP 9527; Gould Inc., Glen Burnie, MD). Each image was displayed on a television monitor, and the external elastic lamina (EEL) and lumen boundary were manually identified. Custom software was used to compute the parameters of interest. Each full-color digital image was then archived onto tape. Parameters measured included crosssectional area of the lumen, maximum intima + media thickness, area of the intima + media, and perimeter of the EEL. Intima and media were measured together since the internal elastic lamina was often discontinuous 3 wk after angioplasty, making distinctions between intima and media ambiguous.
Cell culture studies. Vascular SMC cultures were obtained from explants of rabbit aorta using procedures described previously (20, 21) . Endothelium was removed enzymatically or by scraping, and an outer media and adventitia layer was peeled away from the inner media layer. The latter was minced into 1 l-mm2 pieces with a scalpel, and the pieces were allowed to adhere to tissue culture plastic by partial drying (10-15 min). DME/F12 medium with 10% fetal bovine serum (FBS) was gently added, and the cultures were incubated at 37°C, 5% CO2 in air. Cells migrated from explants in 5-12 d. When surrounded by outgrowth -10 cells wide, the tissue pieces were removed and the cultures were refed. Cells were passed at confluence and plated for experimentation after several passages. Vascular SMC identification was by morphology typical of rabbit SMC under light microscopy.
To examine the effects of vitamin E on DNA synthesis in rabbit SMC, cells were plated into 24-well plates at 20,000-25,000 cells/well in DME/F12 and 10% FBS. Cells were rendered quiescent by replacing the media with serum-free DME/F12 for 3 d. Quiescence was verified by the similarity between unstimulated cells and those given 4 mM hydroxyurea to prevent entry into S phase (12) . Cells were treated with vitamin E (dl-alpha-tocopherol; Sigma Immunochemicals, St. Louis, MO) 2 h before the addition of proliferative stimuli, either FBS or oxidized human LDL, isolated as previously described (22) and oxidatively modified by CuS04 (23) or FeSO4 (12) . Oxidized LDL preparations were used within a few days of oxidation or stored in aliquots at -70°C for later use. Vitamin E was added to achieve 50 ,uM final medium concentration using < 0.5% ethanol as a carrier. Control cultures (no added vitamin E) had solvent alone.
[3H]Thymidine incorporation into DNA was determined for human foreskin fibroblasts (12) by adding 1 tCi/ml methyl [3H] thymidine (6.7 Ci/mmol; ICN Biomedicals, Inc., Costa Mesa, CA) for the last 6 h of a 26-h exposure to stimuli. After removing radioactive medium, cells were washed with ice-cold 5% trichloroacetic acid twice. Acid-precipitated materials were solubilized with 0.25 N NaOH, and radioactivity was assayed in a liquid scintillation counter (Tri-carb; Packard Instruments, Meriden, CT).
Oxidized LDL stimulation of SMC was examined in rabbit SMC analogous to the scheme described above by adding sublethal concentrations of oxidized human LDL, or native LDL as a control, to quiescent cultures of SMC and monitoring the subsequent incorporation of
[3H]thymidine into DNA. These were performed using LDL oxidized by exposure to FeSO4 as well as CuS04. In all cases, free and bound metal ions were depleted from the lipoprotein preparations by dialysis against 0.5 mM EDTA in saline. The range of the levels of oxidation for such preparations as measured by thiobarbituric acid reactivity (12, 24) is typically equivalent to 4-12 nmol malondialdehyde (used as standard) per mg LDL cholesterol.
Lipoprotein and plasma cholesterol levels were measured with an enzymatic kit (Boehringer Mannheim Corp., Indianapolis, IN); plasma vitamin E was measured by HPLC (25). Fig. 1 , a sizable portion of the untreated control lesions overlapped the range of the treated group for the histologically obtained parameters, e.g., the intima + media area of the lesions. Fig. 2 C indicates that the maximum wall thickness was also significantly less in the vitamin Etreated group.
As is typical with rabbits, the response of plasma cholesterol levels to a cholesterol-and oil-supplemented diet was highly variable. Fig. 3, A and B , reveal that the level of plasma cholesterol at the time of angioplasty (Fig. 3 A) or the level 3 wk after (Fig. 3 B) was not significantly different between the two groups; this regimen of vitamin E treatment did not significantly lower plasma cholesterol. Fig. 3 , C and D, show that plasma cholesterol levels at either time did not predict differences in the intima + media area. In these figures the data for both groups of animals were arbitrarily separated into those with intima + media areas greater than or less than 1.0 mm2. The plasma cholesterols were not different between these two groups either at the time of angioplasty (Fig. 3 C) or 3 wk later (Fig.   3 D) .
To examine whether constriction was responsible for the differences seen between the groups in this experiment (26), we compared the EEL circumference of the lesion sites for the two groups. Fig. 4 A shows the lack of a significant difference between the two groups. Another approach to discerning the relative roles of constriction and hyperplasia was also used. There is a theoretical relationship between the EEL circumference and the luminal area for a given average wall thickness. Examples of this relationship are shown in Fig. 4 (lower curve). Data from each lesion from both groups are also plotted. Hyperplasia of the intima + media alone would reduce the luminal area for a given EEL size. Constriction without hyperplasia would have appeared as a reduction in luminal area approximately paralleling the theoretical curves. As shown in Fig. 4 To make initial appraisals of the mechanism by which SMC may proliferate more freely in the absence of additional vitamin E and that by which vitamin E treatment may have limited the restenotic response to balloon injury, two concepts were explored in rabbit SMC grown in culture. First, LDL, oxidatively modified in vitro, was incubated with rabbit aortic SMC at subtoxic levels to determine if such a preparation was capable of stimulating quiescent cells. Secondly, the cells were treated with vitamin E to determine if the antioxidant was capable of directly inhibiting stimulation by growth factors as has been suggested by others (13) or by oxidized LDL.
To determine whether lipid oxidation products are capable of stimulating rabbit vascular SMC to enter the cell cycle, oxidized LDL was added to cultures of quiescent SMC. Fig. 5 shows that oxidized LDL stimulated incorporation of labeled thymidine into DNA in cultured rabbit SMC. The stimulation was variable but significant and resulted in DNA synthesis levels up to 20-25% that of 10% serum. Results from other experiments (data not shown) have revealed that stimulation by oxidized LDL is observable whether LDL is oxidized using FeSO4 or CuS04. We also asked whether vitamin E could alter SMC stimulation by oxidized LDL or serum mitogens. Fig. 6 shows that vitamin E did not inhibit DNA synthesis in rabbit SMC stimulated by serum (Fig. 6 A) but that vitamin E potently inhibited DNA synthesis stimulated by oxidized LDL (Fig.  6 B) .
Discussion
There is now compelling evidence that oxidized lipids and lipoproteins exist in atherosclerotic lesions (3) (4) (5) . After balloon angioplasty there is likely an increased entry into the injury site of inflammatory cells capable of releasing reactive oxygen species and an increased entry of lipoprotein lipids from the plasma, the combination of which could result in the increased production of lipid oxidation products, which in tum could stimulate cell growth. As a step toward testing this idea, we examined the effects of pharmacological doses of the naturally occurring lipophilic antioxidant, alpha-tocopherol, on restenosis after angioplasty performed on a preexisting, lipid-containing lesion.
Vitamin E treatment reduced restenosis in this experimental model. The inhibition was statistically significant whether expressed angiographically, i.e., in terms of minimum luminal diameter (Fig. 1) , or histologically, in terms of altered area of the intima + media, either at the site of maximum stenosis (not shown) or averaged over multiple sites (Fig. 2) . The difference in restenotic response between treated and untreated animals was not a function of the plasma cholesterol level, either at the time of angioplasty or 3 wk later (Fig. 3) .
The angiographic parameter, MLD, represents the lesion at its most stenotic site, whereas the histological parameter, intima + media area, offers a more representative view of the entire lesion since it is an average of cross-sections at up to four sites spaced approximately uniformly over the length of the lesion. Since MLD is a feature of the lumen, it could theoretically be reduced by a chronic constriction (26) as well as by hyperplasia. The histological data, however, allowed distinction between constriction and hyperplasia, and Fig. 4 indicates that chronic constriction was not a major factor in the differences between the groups. The difference appeared to be due in large part to hyperplasia.
Vitamin E treatment was begun in advance of angioplasty Figure 3 . Lack of influence of plasma cholesterol levels on restenosis. A and B show that the cholesterol levels at the time of angioplasty and 3 wk after angioplasty were not different between vitamin E-treated and control animals. In C and D, data for intima + media area for all lesions are divided into more severely stenosed (> 1.0 mm2) and less severely stenosed (< 1.0 mm2) groups. The plasma cholesterol levels for these subgroups, either at the time of angioplasty (C) or 3 wk later (D), do not correlate with the severity of restenosis. Data shown are means and standard deviations.
to reach significantly elevated plasma levels before the balloon injury. This was successful in that the plasma vitamin E levels at the time of angioplasty were markedly elevated in the treated over the untreated groups of animals (13.0+6.4 mg/dl vs 2.9+ 1.6, respectively). It was presumed that significant treatment time would also be required to enrich vitamin E levels in tissue lipid pools. The angiographic data immediately before and after angioplasty shown in Fig. 1 indicate that the effects of vitamin E treatment, which was begun 9 d after the initial air drying lesion and 19 d before angioplasty, did not alter the degree of stenosis due to this initial, desiccation-induced lesion or the acute response to dilation.
Controversy persists over the selection of restenosis models pertinent to humans. The model used in our study has both advantages and disadvantages. The initial lesion combines the participation of SMC proliferation, which is frequently an observed feature of the restenotic process in humans, with the accumulation of lipids and lipoproteins, which is a common attribute of human arterial lesions being treated by balloon angioplasty. Thus, in this model, as in its human counterpart, angioplasty is performed on a preexisting atherosclerotic lesion. The model has been used widely, is well-characterized, and has a known and somewhat predictable response to angioplasty (15) (16) (17) (18) (19) . In our hands (Figs. 1 and 2 , for example) and in the studies of others (18) , the untreated control group results in a mixed restenotic response. There was a significant number of vessels that by 3 wk after angioplasty exhibited only limited luminal narrowing, as well as those which have markedly narrowed. While this characteristic puts an additional burden on statistical evaluation of a putative protective treatment, it bears a similarity to the experience in human coronary angioplasty.
However, there are recognized deficiencies in this model which prevent the extrapolation of findings to human conditions. The rapidly developed injury to the rabbit artery cannot be expected to mimic the features of a mature lesion developed in a human artery, which often exhibits calcification and fibrosis.
Furthermore, the rapid rise to cholesterol levels of 1,000-2,000 mg/dl of predominantly beta-VLDL cholesterol, as seen in this model, is distinct from any occurrence in humans. Our results coupled with reports of the effects of other antioxidants in other models (see below) suggest that oxidation may adversely influence restenosis. It has also been demonstrated that lipid oxidation products can alter growth factor production in cells grown in culture, suggesting an indirect, autocrine or paracrine mechanism by which these agents could influence SMC proliferation (5). Oxidized LDL has been shown both to promote and inhibit production of various growth factors, depending on the type of target cell and the degree or mode of LDL oxidation (23, (32) (33) (34) (35) (36) (37) . Both LDL and oxidized LDL, but the latter more potently, have been shown to enhance PDGF-AA gene expression and PDGF receptor expression in vascular SMC (38) . It is therefore theoretically possible that lipid oxidation products may indirectly potentiate the growth of SMC in a vascular injury site.
Various lipophilic antioxidants, alpha-tocopherol, probucol, or butylated hydroxytoluene, can block the oxidation of lipoproteins in vitro (39) (40) (41) and in vivo (42) . We chose to use vitamin E since it is a naturally occurring antioxidant with relatively few known side effects even in pharmacological doses. Vitamin E has been demonstrated to alter vascular SMC growth in vitro. It has been reported to enhance the proliferation of vascular SMC (14) by inhibiting the formation of injurious oxidation products of free fatty acids and to inhibit the prolifera- (43) . In contrast to the present study and others showing the benefit of lipophilic antioxidants (see below), the protocol of the cited study did not involve alpha-tocopherol treatment before angioplasty. The increase in lipid pools of dietary lipophilic antioxidants is generally slow, and the tissue response to angioplasty is believed to be determined within the early period after dilation, thus an optimal test of a vitamin E regimen may require pretreatment.
Our data are consistent with those of others reporting a beneficial effect of a variety of antioxidants after various forms of vascular injury. Probucol inhibited lesion formation after injury in a different atherosclerotic rabbit model (44), in a pig model of coronary angioplasty (45) , and in a limited number of humans pretreated with the drug 2 wk before angioplasty (46) . Ebselen, a potent indirect antioxidant by virtue of its capacity to break down a variety of lipid hydroperoxides, was also reported to be beneficial in a limited study of human restenosis after angioplasty (47). Butylated hydroxytoluene inhibited the response to arterial injury in hypercholesterolemic rabbits (48). Of interest, a combination of vitamins C and E was recently found to improve the response of pig coronary arteries to balloon injury compared with arteries of untreated animals, but the improvement was attributable to increased vessel size rather than decreased intimal area (49) . It is too early to state definitively whether oxidant-induced proliferation contributes to restenosis, but the beneficial effects of pharmacological doses of vitamin E in the current study suggest that this natural antioxidant should be tested further for effectiveness in other animal models.
